The Mount Whitney Intrusive Suite is a nested intrusion composed of three granitic plutons that were emplaced along the eastern margin of the Sierra Nevada batholith between 88 and 83 Ma. Geologic relations indicate the suite was formed by magmas that spread laterally at a depth of ~10 km after initially rising along fractures developed at an extensional stepover between the proto-Kern Canyon fault and the Sierra Crest shear zone. Cenozoic uplift and erosion have exposed the interior of the suite, making it possible to study textural and compositional variations within the body that yield insights into the complementary roles of source variability and crystal fractionation in producing zoned intrusions.
INTRODUCTION
Granitic intrusions are major components of magmatic arcs, and understanding their geometries and emplacement histories provides important physical and temporal information on the processes that produce diversity among arc magmas. One clue to the nature of these processes comes from compositional zoning preserved in individual plutons and among the closely related members of intrusive suites. A large body of work suggests that this zoning is primarily the result of interplay between secular variations in magma source composition and crystal fractionation, and that upper crustal assimilation and hybridization with mafi c magmas typically play smaller roles (Pitcher, 1997) . Assessing the contributions of these individual processes and tracking changes in their roles over time are important steps toward linking pluton zoning to physical models for the growth of arc crust.
Many zoned intrusions are characterized by similar patterns of textural and compositional variation in which (1) younger phases are nested within older ones and (2) relatively mafi c marginal units with equigranular textures give way to felsic inner units that contain alkali-feldspar megacrysts (e.g., Bateman, 1992; Atherton, 1981; Stephens and Halliday, 1979) . The fact that these patterns are shared by intrusions with a wide range of ages and inferred source compositions suggests they are the result of a common process. A key assertion here is that these trends are linked primarily by the warming of the upper crust that occurs during the growth of a large intrusion. Warming slows the cooling of successive intrusive pulses so that they remain suffi ciently fl uid to mix with later inputs, accumulate into reservoirs, differentiate to yield more felsic compositions, and undergo textural coarsening.
In order to use the zoning of a pluton or intrusive suite to defi ne physical models for its development, it is important to determine which process or combination of processes produced the zoning. The Tuolumne Intrusive Suite is a well-studied composite intrusion in California's Sierra Nevada batholith ( Fig. 1 ) that exemplifi es how our interpretation of the relative importance of several processes has changed as a result of ongoing study. Bateman and Chappell (1979) proposed that crystal fractionation of a single reservoir could account for this suite's zonation from older, relatively mafi c marginal units to younger, more felsic inner ones. Subsequent recognition that the younger members also have more evolved Sr and Nd isotopic compositions, however, ruled out fractionation alone and highlighted the role of source variability. Kistler et al. (1986) proposed that magmas that formed the suite were mixtures of crust-and mantle-derived end-member components and that the younger members contain larger crustal contributions. Coleman et al. (2004) presented U/Pb zircon dates confi rming that the Tuolumne Intrusive Suite was emplaced over ~10 m.y. and indicating that at least one member crystallized over a span of ~4 m.y. In part because this age span exceeds the conductive solidifi cation interval of a single intrusion of comparable size, Glazner et al. (2004) proposed that this and other plutons were assembled from multiple emplacements and that only small parts of these bodies may have been partially molten at any time. It is not clear from their work, however, to what extent individual inputs retain their physical and geochemical integrity as an intrusion grows, and when a transition from compositionally distinct emplacements to a more homogeneous volume capable of large-scale differentiation might take place. The occurrence of such a transition depends on an intrusion's cooling and recharge rates as well as on the physical properties of its magmas. At low strain rates the viscosities of felsic magmas increase sharply as crystal contents reach 50%-55% (Vigneresse et al., 1996) . Above this rigid percolation threshold (RPT), interlocking grains form a rigid framework that enables the magma to resist mixing and restricts the movement of interstitial melt. If an intrusion's cooling rate is high relative to its recharge rate, magma in one input is likely to cool to its RPT before the next arrives. This will limit mixing and melt segregation, tend to preserve preexisting compositional differences among inputs, and promote the growth of a composite intrusion. Conversely, if an intrusion's cooling rate is low relative to its recharge rate, the crystallinity of an input is more likely to remain below its RPT until the next arrives. This will promote mixing, tend to erase compositional differences among inputs, and may facilitate the assembly of a reservoir capable of large-scale differentiation.
If large plutons are commonly assembled from individual inputs that crystallize before hybridizing into volumes capable of large-scale differentiation, it would (1) imply that source variability plays a key role in producing the compositional diversity of such bodies; and (2) call into question the close connection that has been inferred between large, long-lived intrusions and the magmatic reservoirs that fractionate to produce voluminous, compositionally zoned ash-fl ow tuffs (e.g., Lipman, 1984; . Thermal modeling of incrementally assembled felsic intrusions indicates, however, that warming of the crust by older members will slow the cooling of younger ones (Yoshinobu et al., 1998) . Although recharge rates are diffi cult to quantify and may vary over time (Matzel et al., 2006) , sustained growth of an intrusion that warms the upper crust will always lead to a decrease in cooling rate and tend to promote mixing and fractionation.
To better defi ne the role of crystal fractionation in producing large-scale compositional zoning in plutons for clarity, it may be useful to examine models developed for the Tuolumne Intrusive Suite in light of data from similar bodies. Intrusions with large internal relief are favorable places to search for evidence of this process because preeruptive zonations of ash-fl ow tuffs indicate that gravitationally driven crystal fractionation will tend to create vertical stratifi cation in magmatic reservoirs (Bachmann and Bergantz, 2004) . Fractionation may be diffi cult to recognize in the younger members of the Tuolumne Intrusive Suite, in part, because the low relief of the Tuolumne Meadows area yields an essentially two-dimensional view of the center of this intrusion. This paper reports a study of zoning in the Mount Whitney Intrusive Suite, an intrusion that is similar in size, composition, and tectonic setting to the Tuolumne Intrusive Suite (Fig. 1) . The suite is exposed across a deeply incised glacial landscape where several kilometers of relief make it possible to study both the lateral and vertical zoning in its member plutons and offers an excellent opportunity to assess the role of fractionation in contributing to the compositional diversity of large composite intrusions.
GEOLOGIC SETTING

Field Relations
The Mount Whitney Intrusive Suite (Moore and Sisson, 1987) consists of three granitic plutons with a total outcrop area of ~1200 km 2 as well as smaller bodies of contemporaneous granite porphyry, leucogranite, and quartz diorite (Fig. 2) . The suite is one of the youngest intrusions in the Sierra Nevada batholith, and has not been signifi cantly modifi ed by later deformation or igneous activity. Its younger members are nested within the older ones, and the body's north-northwest elongation (azimuth 320º) suggests that its emplacement was guided in part by the alignment of wall-rock screens and other plutons that defi ne the structural grain of the eastern Sierra Nevada batholith. The Mount Whitney Intrusive Suite is exposed along and to the west of the Sierran crest, across a deeply incised upland where 2.6 km of relief provides a three-dimensional look into the intrusion's interior. Most of the suite's internal and external contacts dip steeply, but the upper part of the youngest member's contact defi nes a broad domical surface that extrapolates to a closure 1-2 km above the modern landscape (Fig. 2) . Adding this missing height to the suite's present relief indicates it was originally at least 4-5 km thick. Although the base of the intrusion is not exposed, a −200 mgal gravity low centered over the suite has been interpreted to indicate that the density contrast associated with the central part of its youngest member extends to a depth of at least 10 km (Oliver and Robbins, 1982) .
Age
Published U/Pb zircon dates indicate that the Mount Whitney Intrusive Suite was emplaced between 88 and 83.4 Ma (Chen and Moore, 1982; Kylander-Clark et al., 2005; Mattinson, 2005; Saleeby et al., 1990) . Samples from the oldest member yield slightly discordant dates, but its intrusion into the Mitchell Peak pluton indicates that its age must be younger than 91 Ma (Chen and Moore, 1982) . Although existing zircon dates have different analytical uncertainties, even the largest of these (±0.7 m.y.; Chen and Moore, 1982) are small compared to the 4-5 m. y. interval estimated for the suite's emplacement. Hornblende and biotite K/Ar dates of samples from the suite's three large members are typically 1-3 m.y. younger than the U/Pb dates for the same units. Even when the estimated uncertainties on these K/Ar dates (±0.6 m.y.; Evernden and Kistler, 1970) are taken into account, the small age differences imply that the bulk of the suite cooled rapidly (Saleeby, 1981) . This high cooling rate is consistent with the shallow emplacement depth (~10 km) that has been inferred for the suite from geobarometry (Hirt, 1989) . The only exception to this pattern of modest age differences is the granodiorite of Lone Pine Creek, which has a hornblende K/Ar date 6-7 m.y. younger than the U/Pb date of the corresponding sample. It is likely that the K/Ar date of this sample was partially reset, however, by heating that accompanied the emplacement of the suite's voluminous younger members.
Tectonic Setting
The Cathedral Peak intrusive suites are closely associated with a dextral shear system that developed along the eastern margin of the batholith during Late Cretaceous time (Fig. 1) , and several workers have proposed that local extension related to this shear system facilitated the emplacement of these intrusions. Schweickert (1981) and Saleeby (1981) proposed, for example, that the right-stepping en echelon distribution of the Cathedral Peak suites marks a series of extensional stepovers between faults within the shear system. Alternatively, Tikoff and Teyssier (1992) suggested that emplacement of the Cathedral Peak intrusive suites was facilitated by extension between sets of P-shears oriented approximately parallel to the lengths of the intrusions. Geologic features associated with the Mount Whitney Intrusive Suite are more consistent with the stepover model.
Two Late Cretaceous dextral shear zones fl ank the Mount Whitney Intrusive Suite: the protoKern Canyon fault on the west and the Sierra Crest shear zone on the east (Fig. 2) . The protoKern Canyon fault, which intersects the suite's western margin, places important constraints on its emplacement history. The fault offsets the southern contact of the suite's oldest member 13 km and that of its middle member 6.5 km (Moore and duBray, 1978) . Offset on the protoKern Canyon fault dies out in the center of the Paradise pluton, which suggests that its displacement was transferred to another structure during the suite's growth. Movement on the proto-Kern Canyon fault ended at about the same time as the suite's emplacement based on the 83 Ma U/Pb zircon age of an undeformed granite pluton that cuts mylonites related to the fault (Busby-Spera and Saleeby, 1990) . Two north-trending dextral faults that are approximately on strike with the proto-Kern Canyon fault offset the northeastern fl ank of the Paradise pluton by a total of ~1 km (Fig. 2) . Because these faults only accommodate a fraction of the 6.5 km of offset documented on the pluton's southern margin, however, it appears that most of the offset was transferred to a structure farther east. The Sierra Crest shear zone system, which is exposed near the eastern edge of the batholith, locally accommodated 20 km of dextral offset during the suite's growth (91-80 Ma; Greene and Schweickert, 1995) . It is likely to have been the Mount Whitney Intrusive Suite's eastern bounding structure.
If a stepover developed between the protoKern Canyon fault and the southern Sierra Crest shear zone, fractures within the pull-apart would be expected to have produced a northeast-trending extensional duplex beneath the central part of the suite. Several dozen subvertical fracture zones and two dikes that cut across the Whitney pluton and surrounding units (Fig. 2) have orientations (azimuth 045º-070º) consistent with being parts of such a structure. The fracture zones are typically 50-100 m wide and consist of numerous subparallel joints and small faults along which hydrothermal fl uids have produced local alteration. In addition, a northeast-trending lineament (mineralized fracture?) on Mount Young hosts a 2-3-m-wide pipe of orbicular granite (Moore, 1981) , the texture of which refl ects crystallization from a mixture of magma and hydrothermal fl uid (cf. Moore and Lockwood, 1973) . Two large granite porphyry dikes cut across the northern and central parts of the suite (Fig. 2) . Emplacement of the northern dike, the Golden Bear, was accompanied by small offsets of moderately dipping quartz diorite dikes near Forester Pass, indicating that it opened primarily in response to northwest-directed extension. Collectively, the orientations of the fractures and dikes and the evidence that they channeled hydrothermal fl uids and magmas from the lower part of the pluton up into its solidifi ed upper carapace suggest that they are the upper-crustal parts of deeper extensional structures related to an underlying pullapart. At depth, similarly oriented structures are inferred to have facilitated the ascent of magmas that formed the suite.
Although extension across the pull-apart can account for ~13 km of north-northwest extension, the suite's 80 km length indicates that magmas must have intruded laterally beyond the pullapart to assemble the intrusion. The thickness of the Mount Whitney Intrusive Suite is not known, but if it is similar to the total estimated for granitic plutons in the upper part of the batholith from regional studies (10-20 km; Saleeby, 1990) , its length implies it is likely to have a tabular shape.
DESCRIPTIONS OF LITHOLOGIC UNITS
Granodiorite of Sugarloaf and Lone Pine Creek
The granodiorites of Sugarloaf and Lone Pine Creek are separate map units whose similar ages, compositions, and emplacement pressures indicate they are parts of a single pluton that now crop out on opposite sides of the suite's younger members. This body, hereafter referred to as the Sugarloaf-Lone Pine Creek pluton, consists of medium-grained, equigranular biotite hornblende granodiorite ( Fig. 3 ; GSA Data Repository suite's younger members (Table DR2 ; Fig. 4 ). It is the most compositionally heterogeneous member of the suite, and consists of phases with fairly uniform compositions that are separated by abrupt discontinuities (Fig. 5 ). These discontinuities include a 6.7-km-long contact that separates distinct leucocratic and melanocratic phases in the eastern part of the pluton (Fig. 2 ) as well as a sharp meter-scale contact between rocks with similar compositional differences in the western part (Fig. 6) .
Samples from the Mount Whitney Intrusive Suite defi ne a linear array on a plot of ε Nd (T) versus Sr i that is within the fi eld of other Sierran plutonic rocks (Fig. 7) . The negative slope of the suite's array is interpreted to indicate that its members are a series of mixtures between mantle-derived magmas and material derived from Proterozoic continental crust (Hirt and Glazner, 1995) . Samples from the granodiorite of Sugarloaf-Lone Pine Creek span a wider range of isotopic compositions than those from the suite's younger members, and their less evolved compositions suggest that they contain smaller crustal contributions.
The granodiorite of Sugarloaf-Lone Pine Creek is characterized by the presence of large (to 10 mm long) idiomorphic hornblende crystals, ~20% of which contain rounded augite cores. Plagioclase crystals in this unit have higher average An contents than those in the younger members of the suite, and biotites and hornblendes have lower Mg#s [molar Mg/(Mg + Fe total )] and Mn contents ( Fig. DR1 ; see footnote 1). Both the chemical and isotopic heterogeneity of this pluton (Figs. 5 and 7) suggest it was assembled from a number of distinct batches of magma that cooled to their RPTs before mixing obscured their preexisting differences. Despite large variations in whole-rock chemistry, the compositions of mafi c silicate minerals only differ slightly along a composite traverse of the pluton (samples S-9 to LP-11, Table DR1 ). The reactions that produce biotite and hornblende in felsic calc-alkaline magmas raise f(O 2 ) as temperature decreases and f(H 2 O) increases during closed-system crystallization (Scaillet et al., 1997) . This increase in f(O 2 ), in turn, promotes the substitution of Mg and Mn for Fe in hydrous mafi c silicates (Frost and Lindsley, 1991) . The compositional similarity of mafi c silicates throughout the Sugarloaf-Lone Pine Creek pluton may indicate that even though the bulk compositions of individual intrusive inputs dictated mineral abundances, Mg#s and Mn contents remained similar because limited differentiation did not signifi cantly change f(O 2 ). Quartz diorites occur as discrete intrusions and as widely distributed enclaves in the Sugarloaf-Lone Pine Creek pluton. The intrusions crop out in the eastern part of the pluton as dikes and irregular masses that are 100-600 m long (Stone et al., 2000) and locally fi nger into the granodiorite parallel to its foliation. These complex contacts, coupled with an absence of fi negrained margins on the intrusions, suggest that the granodiorite was hot (and possibly partially molten) when mafi c magmas wedged it into septa, disaggregated these septa, and engulfed the resulting crystals. The enclaves compose ~1%-3% of the pluton everywhere except in the leucocratic part of the granodiorite of Lone Pine Creek, where their abundance is 0.3% (Table DR1) . Crystals of plagioclase, biotite, hornblende, and augite that are similar in size and composition to those in the host granodiorite compose ~35% of the enclaves and are set in fi ne-grained groundmasses rich in plagioclase and biotite. Textural features (e.g., the rounding and formation of hornblende overgrowths on augite and the incongruent dissolution of plagioclase) indicate that the large crystals were not in thermal or chemical equilibrium (or both) with the magmas that formed the enclave groundmasses. These crystals were apparently entrained from the pluton during mingling with the mafi c magmas that later disaggregated to produce the enclaves. The absence of quartz and alkali-feldspar crystals in the enclaves indicates, however, that mingling occurred prior to crystallization of these phases in the granodiorite.
Leucogranites (aplites and their pegmatitic equivalents) are sparse and widely distributed in the Sugarloaf-Lone Pine Creek pluton. They occur as dikes that have a wide range of attitudes and are typically no more than a few tens of centimeters wide.
Paradise Granodiorite
The Paradise Granodiorite is a mediumgrained megacrystic hornblende biotite granodiorite (Fig. 3) that has modal and whole-rock chemical compositions intermediate between those of the suite's other major members (Tables DR1 and DR2 ; Fig. 4 ). Few internal contacts have been recognized in this unit, and samples collected along two traverses oriented perpendicular to its length show that the northern part of the pluton is more mafi c toward its center, whereas the southern part is slightly more mafi c at its margins (Fig. 8) . Samples from the Paradise Granodiorite cluster in a narrower range of ε Nd (T) and Sr i than those from the granodiorite of Sugarloaf-Lone Pine Creek (Fig. 7) , and their more evolved compositions suggest that crustal contributions to the suite had increased by the time this member developed. The Paradise Granodiorite is characterized by the presence of equant alkali-feldspar megacrysts that are typically 1-2 cm long, compose 3%-4% of the rock, and are crowded with small biotite and hornblende inclusions aligned along concentric zones. These megacrysts are similar to those in the two youngest members of the Tuolumne Intrusive Suite and, like them, are interpreted to be the products of textural coarsening of groundmass crystals that took place as the pluton cooled slowly just below its alkalifeldspar saturation temperature (Higgins, 1999) . The average An content of plagioclase in the Paradise Granodiorite is intermediate between that of the older and younger members of the suite, as are the Mg#s and Mn contents of biotites and hornblendes (Fig. DR1) . Mineral compositions are fairly uniform across both the northern and southern parts of the pluton (samples P-15-P-19 and P-6-P-13, respectively, Table DR1 ).
This similarity of mafi c mineral compositions suggests that only limited fractionation has occurred among the magmas that formed the Paradise pluton at the exposed level.
The symmetry of compositional variation across the northern Paradise pluton is distinct from the body's more uniform composition farther south (Fig. 8) , and suggests that zoning in the north was produced by a process related to emplacement or differentiation at the exposed level. The northern part of the Paradise pluton crops out at an elevation 300-500 m higher than the southern part, however, and hosts numerous leucogranite sheets. The more mafi c composition of its center may be the result of local leucogranite melt segregation near the original roof of the pluton (see following). Quartz diorites occur as sparse dikes and isolated enclaves in the Paradise pluton. The dikes crop out in the eastern part of the body; they are as wide as 0.5 m and have sharp margins. They have locally been deformed and broken into enclave swarms that defi ne linear trends on outcrop surfaces. Isolated enclaves are much less abundant in the Paradise pluton than in the granodiorite of Sugarloaf-Lone Pine Creek. They typically compose 0.2% of the pluton except in an equigranular phase at its northern end, where their abundance climbs to 1.2% (Table DR1) . Crystals of biotite, hornblende, plagioclase, quartz, and sparse megacrysts of alkali-feldspar that are similar in size and composition to those in the host granodiorite compose ~30% of typical enclaves. Textural features (e.g., the rounding and formation of hornblende overgrowths on quartz and the incongruent dissolution of plagioclase) indicate that the large crystals were not in equilibrium with the mafi c magmas that entrained them and formed the enclaves. The scarcity of alkalifeldspar megacrysts in the enclaves indicates that most mafi c magmas were intruded into the Paradise pluton prior to the coarsening that produced the megacrysts.
Leucogranites are more abundant in the Paradise pluton than in the Sugarloaf-Lone Pine Creek pluton. They compose ~15% of outcrops near the center of the northern part of the body, where they occur as subhorizontal sheets that are typically 0.5-5 m thick and hundreds of meters long. Small (1 mm to 1 cm) miarolitic cavities and larger (10 cm to 1 m) pegmatitic segregations are common in the leucogranites, and indicate that they crystallized from vapor-saturated magmas. The compositions of the Paradise leucogranites project into the Ab-Or-Qtz-H 2 O system adjacent to the water-saturated three-phase curve at 0.2 GPa (Fig. 9) ; this supports the interpretation that the leucogranites sample residual liquids produced by fractional crystallization of surrounding granodiorite.
Whitney Granodiorite
The Whitney Granodiorite is a mediumgrained megacrystic hornblende biotite granodiorite and granite ( Fig. 3 ; Table DR1 ) that is more felsic than either of the suite's older members ( Fig. 4 ; Table DR2 ). The central part of this pluton is gradually more felsic inward for ~2 km from its margins (Fig. 10) and has a uniform composition across its 10-km-wide interior where the pluton is exposed at elevations above ~3200 m. Outcrops of slightly more mafi c granite occur near the center of the pluton, where the body crops out at elevations above 4 km along the Sierran crest. The initial Sr ratios of samples from the Whitney Granodiorite and its associated leucogranite overlap, and data from a single sample suggest that the ε Nd (T) and Sr i values of this unit are similar to those of the Paradise Granodiorite (Fig. 7) . The relatively evolved isotopic composition of the Whitney Granodiorite indicates that crustal contributions to the suite remained large as this youngest member developed.
The Whitney Granodiorite is characterized by blocky alkali-feldspar megacrysts that are typically 3-5 cm long, compose 6%-10% of the rock, and contain small, zonally arranged inclusions of plagioclase, biotite, quartz, and hornblende. Like megacrysts in the Paradise Granodiorite, those in the Whitney pluton are interpreted as the products of textural coarsening that took place at or near the level of emplacement (Higgins, 1999) . This interpretation is supported by alkali-feldspar crystal size distributions across the central part of the pluton that show that alkali-feldspar megacrysts are larger and more abundant in the west, where the body cooled slowly within the nearly contemporaneous Paradise pluton, than in the east, where it was emplaced into older, colder wall rocks. The average An contents of plagioclase are lower in the Whitney pluton than in the older members of the suite, whereas the Mg#s and Mn contents of biotites are higher (Fig. DR1) . The An contents of plagioclase cores and rims decrease toward the center of the pluton, in tandem with modest increases in the Mn contents of biotites and hornblendes ( Fig. 11 ; Table DR1 ). These mineralogical trends are consistent with the body's zonation being the product of closed-system crystal fractionation.
Compositional variation in the Whitney pluton is more pronounced and more regular than in the suite's older members. The compositional gradients near the body's margins are so symmetrical that they are unlikely to be the result of emplacement of discrete batches of magma whose contacts are unrecognized. Although the transition to a uniform central granite above 3200 m could be the result of assembling the pluton as at least two discrete sheet-like emplacements (e.g., Bindeman and Valley, 2003), continuity of mineralogical trends and the absence of a compositional step across this boundary are more consistent with the interpretation that in situ differentiation produced a zoned reservoir in which an upper rhyolitic layer (central granite) accumulated above a compositionally graded dacitic volume (marginal granodiorite).
Quartz diorites have only been found as widely distributed enclaves in the Whitney pluton, where they compose ~0.02% of outcrop surfaces (Table DR1) . Crystals of biotite, hornblende, plagioclase, quartz, and alkali feldspar similar in size and composition to those in the host granodiorite compose ~30% of these enclaves. Textural features (e.g., the rounding and formation of hornblende overgrowths on quartz and incongruent dissolution of plagioclase) indicate that the large crystals were out of equilibrium with the mafi c magmas that formed the enclaves. The presence of rounded (congruently dissolved) alkali-feldspar megacrysts in ~10% of the enclaves indicates that some mafi c magma was intruded into the Whitney Granodiorite after textural coarsening had produced signifi cant numbers of megacrysts.
Leucogranite abundances in the Whitney pluton are similar to those in the Paradise pluton, and leucogranites are particularly abundant high in the central part of the Whitney pluton, where they form subhorizontal sheets that are typically 0.5-5 m thick and hundreds of meters long. Measurements made along canyon walls high in the central part of the body show that these sheets locally compose ~17% of the pluton. Small (5 mm to 5 cm wide) miarolitic cavities and larger (10 cm to 5 m long) pegmatitic segregations are common in these leucogranites, and indicate they crystallized from magmas that were locally vapor saturated. The compositions of the Whitney leucogranites project into the Ab-OrQz-H 2 O system adjacent to the water-saturated three-phase curve at 0.2 GPa (Fig. 9) ; this supports the interpretation that they sample residual liquids produced by fractional crystallization of surrounding granite. This cogenetic origin is also supported by the similar initial Sr isotopic compositions of these two rocks (Fig. 7) .
Whitney Granite Porphyry
The Whitney Granite Porphyry (Moore, 1981) crops out as two large dikes and several smaller ones in and adjacent to the Whitney pluton (Fig. 2) . The large dikes strike east-northeast and include the Golden Bear dike, which crops out for 14 km between the northern end of Whitney Pluton and the eastern margin of the Sierra Nevada batholith, and a second dike that has been traced discontinuously for at least 7 km across the central part of the Whitney pluton. The smaller dikes crop out near the northern end of the Whitney pluton and have northwestern strikes, which suggest that they occupy fractures conjugate to those that host the larger dikes.
The Whitney Granite Porphyry contains ~40% coarse crystals set in a fi ner-grained matrix of plagioclase, quartz, and alkali-feldspar (Table DR1 ). Groundmass grain sizes decrease from 0.03 to 0.05 mm near the western end of Golden Bear dike, where it intrudes nearly contemporaneous members of the Mount Whitney Intrusive Suite, to <0.01 mm along its contacts with older, presumably cooler, rocks farther east. The assemblage of coarse crystals in the porphyry is identical to that in the Whitney Granodiorite, and includes alkali-feldspar megacrysts. Feldspars in the porphyry are idiomorphic, whereas accompanying quartz crystals are strongly embayed. This suggests that partial dissolution of quartz occurred as a result of nearly isothermal decompression of dike magmas during their ascent (Nekvasil and Burnham, 1987) . The absence of opacitic rims on hydrous mafi c minerals indicates that these magmas did not undergo signifi cant devolatilization as they rose to the exposed level.
The similar ages and chemical compositions of the granite porphyry and the Whitney Grano- diorite (Fig. 4) support the interpretation that the porphyry samples magma from the deeper part of the Whitney pluton that ascended through fractures in its crystalline carapace. The granite porphyry has a range of initial Sr and Nd compositions that are less evolved, however, than those of the Whitney Granodiorite (Fig. 7) . Isotopic variation across the width of the Golden Bear dike suggests that the porphyry's composition has locally been modifi ed by wall-rock contamination (Kylander-Clark et al., 2005) , and because the analyzed samples were collected from a part of the dike that cuts across pre-Mount Whitney Intrusive Suite granitic rocks, such contamination may explain the observed isotopic differences. Biotite from the granite porphyry also has a lower Mg# than that from the central Whitney pluton (Fig. DR1 ), but because both rocks crystallized from compositionally similar magmas, this difference probably records late-magmatic or subsolidus reequilibration of the biotite in the pluton during protracted cooling.
Quartz Diorites
In addition to the quartz diorites associated with individual members of the Mount Whitney Intrusive Suite, a distinct group of quartz diorite dikes that is approximately coeval with the Whitney pluton crops out just north of Forester Pass (Fig. 2) . These dikes form an en echelon set in which typical members are 2 m wide, 500 m long, and dip 30° toward azimuth 240º. The Forester Pass quartz diorite dikes have sharp stepped margins with complementary asperities on opposite sides, and were clearly intruded after the Paradise Granodiorite had crystallized suffi ciently to undergo brittle fracture. Crosscutting relationships among the Paradise Granodiorite, the Golden Bear dike, and the Forester Pass quartz diorite dikes indicate that the latter were intruded between ca. 86.8 and 83.4 Ma.
The quartz diorites of Forester Pass contain ~30% coarse crystals set in a fi ne-grained matrix composed mostly of plagioclase and hornblende (Table DR1 ). The coarse crystal assemblage in these rocks (Pl >> Qtz > Bt > Hbl = Ttn > Af megacrysts) is similar to that in the adjacent Paradise and Whitney Granodiorites, and textural evidence of disequilibrium indicates the coarse crystals are xenocrysts that may have been captured from one or both of these plutons. This interpretation is supported by the compositions of the dikes, which (1) are intermediate between those of the quartz diorite intrusions in the Lone Pine Creek pluton and the suite's younger granitic members (Fig. 4) ; and (2) are reproduced by subequal mixtures of the Paradise Granodiorite with basaltic magma from the nearby Onion Valley sill complex (Fig. DR2 ) that is typical of mafi c magmas emplaced throughout the eastern Sierra Nevada during Late Cretaceous time (Frost and Mahood, 1987; Coleman et al., 1992 Coleman et al., , 1995 Sisson et al., 1996) . Together with the quartz diorite intrusions that occur in the suite's older members and the enclaves present throughout it, the quartz diorites of Forester Pass indicate that mafi c magmas reached the upper crust throughout the suite's history. The sharp declines in enclave abundance and shifts to more evolved isotopic compositions in successively younger granitic units indicate, however, that mixing and hybridization between such mantle-derived magmas and crustal components declined as the suite developed.
DISCUSSION Emplacement Model and Implications for Cooling Rates of Successive Plutons
If the Mount Whitney Intrusive Suite grew as a tabular intrusion that was fed by magma that fl owed laterally away from fractures in a central extensional zone as fi eld relations suggest, then deformation around a sill growing in an elastic medium offers a model for how rock would have initially been displaced by the growing body. This displacement occurs along paths that combine vertical movement away from the intrusion's horizontal midline with lateral movement away from its central vertical axis (Pollard and Johnson, 1973) . A discrete translational approximation to this displacement fi eld can be made that balances the volume of the intrusion with the space created by extension ( Fig. DR3 ; see footnote 1). Although this approximation does not account for vertical displacement of rocks above and below the intrusion or for the rotation or shape change of the displaced rock, it does reproduce the suite's overall dimensions and nested structure.
A displacement model based on this translational approximation has been coupled with a conductive cooling model to calculate the temperature histories of magmas in different parts of an intrusion comparable in size and emplacement history to the Mount Whitney Intrusive Suite. The model simulates heat and mass transport in a 120 × 30 km vertical section parallel to the length of the idealized intrusion (Fig. 12) . The thermal gradient in the crust prior to emplacement was calculated by using a fi nite element technique to solve the steadystate conductive heat fl ow equation subject to the boundary conditions and material properties listed in Table 1 . The intrusion was emplaced in 180 steps, each consisting of an instantaneous emplacement event followed by a 25 k.y. conductive cooling interval. Magma was emplaced by shifting model cells (as shown in Fig. DR3) to create space for a sill that was 250 m thick and had a half-width of 8 km. The sill's location and dimensions, as well as the rate of crustal extension, were chosen so that the fi nal intrusion would be comparable in size and depth to the Mount Whitney Intrusive Suite after 4.5 m.y. of growth. The liquidus and solidus temperatures of the magma and its crystallinity as a function of temperature were modeled after those of a hornblende-biotite granite undergoing closed-system crystallization (Scaillet et al., 1997) under f(O 2 ) and f(H 2 O) conditions similar to those inferred for the suite (Hirt, 1989) . The emplacement temperature of the magma (850 °C) was estimated from the zircon saturation temperature of the Whitney Granite porphyry on the assumption that it is the member of the suite that has been least modifi ed by postemplacement crystallization. Because the porphyry's concordant U/Pb age (Kylander-Clark et al., 2005) indicates that it contains little inherited zircon, its zirconsaturation temperature (820-845 °C; Watson and Harrison, 1983 ) is taken as a minimum for its initial temperature (Miller et al., 2003) .
The model indicates that the intervals required for individual inputs to cool to their RPT (50% crystals; ~780 °C) increased by a factor of ~40 as the intrusion grew (Fig. 13) . Magmas that crystallized at a depth corresponding to the present level of exposure in the outer part of the intrusion cooled to 50% crystallinity in 3-7 k. y., whereas those in the inner part did so in 10-122 k.y. Because high viscosities associated with crystallinities in excess of ~50% inhibit mixing that would produce large, relatively homogenous bodies of magma, these intervals yield estimates of the recharge intervals during which mixing is likely to have occurred among successive inputs in different parts of the intrusion. Unless recharge occurred every few thousand years in the outer member, early inputs would become rigid before later ones arrived and become part of a composite pluton. In the inner member, magmas would remain mobile for tens of thousands of years so that, as long as recharge occurred at least about every 10 k.y., successive inputs would have potentially been able to hybridize with earlier ones and accumulate as part of a larger magma reservoir.
Studies of zoned ash-fl ow tuffs indicate that processes such as hindered settling, microsettling, and compaction are potentially capable of segregating large volumes of rhyolitic melt from dacitic magmas at geologically reasonable rates to crystal fractions of 60%-70% (Bachmann and Bergantz, 2004) . Because segregation of a 500-m-thick layer of melt requires at least 10 k.y., however, the oldest member is unlikely to have differentiated by crystal fractionation on this scale. Magmas in the youngest member would have remained at crystallinities where compaction and hindered settling could have operated for periods that equaled or exceeded those required to segregate large volumes of rhyolitic melts (10 4 -10 5 yr), so that melt segregation is likely to have occurred over distances ≥500 m in the central part of the intrusion. Although the exact times are model dependent, differences in the intervals available for mixing and melt segregation indicate that the oldest member is likely to be composite, whereas the youngest is likely to have differentiated on a large scale by crystal fractionation. This is consistent with the general pattern of compositional variation observed among successive members of the Mount Whitney Intrusive Suite.
Crystal Fractionation in the Whitney Pluton
Compositional differences between the granodiorite and granite in the central Whitney pluton, and between the granitic rocks and leucogranites in the upper central parts of both the Paradise and Whitney plutons, suggest that these rocks are related by crystal fractionation. The following discussion focuses on processes inferred to have operated in the central Whitney pluton because it has the wider range of compositional variation, but the same arguments also apply to at least local melt segregation in the Paradise pluton (e.g., Fig. DR5 ).
Compositional zoning across the central Whitney pluton is characterized by symmetrical linear decreases in the abundances of elements enriched in mafi c minerals inward across the body's outer 2 km that give way to a uniform felsic composition across its interior (Fig. 10) . The transition from compositionally zoned margins to a uniform interior is well defi ned and occurs at an elevation of ~3200 m. This pattern suggests that the central part of the Whitney pluton solidifi ed from a stratifi ed reservoir in which a layer of rhyolitic magma had accumulated above a compositionally graded dacitic reservoir. Similar patterns are observed in other vertically zoned intrusions (e.g., Michael, 1984; Sawka et al., 1990; Bachl et al., 2001) , and are inferred for subvolcanic reservoirs that have produced ash-fl ow tuffs with rhyolite-dacite compositional gaps (e.g., Chesner, 1998; Lindsay et al., 2001) . Because the thermal model presented here indicates that crystal fractionation is a viable mechanism for large-scale differentiation of the Whitney pluton, a combined major and trace element fractionation model is used to test the hypothesis that granite at its center represents rhyolitic magma derived from dacitic magma equivalent to the marginal granodiorite. Modal differences between these two parts of the pluton suggest that the crystallizing assemblage would have been dominated by Pl + Hbl + Mag. This assemblage is similar to one observed experimentally in the compositionally similar Fish Canyon dacite (Johnson and Rutherford, 1989) under conditions [p total = 0.2 GPa and p(H 2 O) < p total ] comparable to those inferred for the crystallization of the Whitney pluton (Hirt, 1989) . The compositions of parent and daughter magmas, those of the fractionating minerals, and the partition coeffi cients used in the model are listed in Table DR3 . Because magnetite in the Whitney pluton has reequilibrated to nearly pure Fe 3 O 4 during subsolidus cooling (Hirt, 1989) , unoxidized titanomagnetite from the compositionally similar Old Toba Tuff (Chesner, 1998 ) is used to approximate its original composition. The mode of the cumulate assemblage and the amount of cumulate fractionated were adjusted to minimize the sum of the squares of the differences between the granite's observed and calculated major element oxide abundances. Trace element abundances were then calculated using a Rayleigh fractionation model to provide an independent test of the major element results (Table DR3) . The model closely reproduces both the major and trace element compositions of the granite after removal of ~10% cumulate (Fig. 14) , and indicates that the modest depletions of middle rare earth elements (REEs) relative to both light and heavy REEs observed between granodiorite and granite ( Fig. 10; Fig. DR4 ) are consistent with hornblende-dominated REE fractionation during this early stage of the pluton's crystallization. It is important to note that this model does not assume that the marginal granodiorite corresponds to an actual magma. The compositions of all of the rocks exposed in the outer 2 km of pluton may have been modifi ed by the loss or gain of rhyolitic melt. The results support the interpretation, however, that the granodiorite and granite are related by modest fractionation of an assemblage dominated by Pl + Hbl + Mag.
Superimposed on this large-scale fractionation is the much smaller-scale segregation of the leucogranites. These rocks sample highly fractionated, vapor-saturated magmas that are comagmatic with the granite that forms the upper central part of the pluton. A second fractionation model is used to test the hypothesis that these leucogranites were derived from a rhyolitic magma equivalent to the granite. Based on modal differences between the granite and leucogranite, this fractionating assemblage is likely to have been dominated by Pl + Qtz + Sa + Bt. Details of the model, including the compositions of parent and daughter magmas, those of the fractionating minerals, and the partition Yoshinobu et al. (1998) and Gerbi et al. (2004) . x = horizontal position (km); y = vertical position (km); na = not applicable.
† grad(T) = 0 indicates that this boundary is insulated. ‡ Constant geothermal gradient calculated from the steady-state solution to the heat-flow equation. § Typical value for volcanic arcs and young orogens (Condie, 1997) . *Latent heat is released linearly with crystal content but nonlinearly with temperature to simulate the behavior of granitic magmas (e.g. Nekvasil, 1988; Scaillet et al., 1997) . Note the crystal contents listed at selected temperatures in Figure 13 .
coeffi cients used, are given in Table DR4 . The model closely reproduces both the major and trace element compositions of the leucogranite after ~51% crystallization (Fig. 14) . Because the granitic magma would have contained <50% melt when the leucogranite developed, it probably would have had a rigid crystalline framework and been capable of brittle fracture. Such fracturing would have enabled interstitial melt to segregate into discrete masses like the observed leucogranite sheets. Strong depletion of middle REEs in the leucogranite relative to the granite (Fig. DR4) indicates that titanite had displaced hornblende as the principal REE fractionating phase during the later stage of the pluton's crystallization.
Solidifi cation Front Instability in the Whitney and Paradise Plutons
Outcrops of atypically mafi c granitic rocks high in the central parts of the Paradise and Whitney plutons are spatially associated with abundant leucogranite sheets. These rocks do not have anomalous mineral compositions (Fig. 11) as they might if they had been produced by local intrusions of more mafi c magmas (e.g., Bateman and Nokleberg, 1978) . Because their compositions are complementary to those of the accompanying leucogranites, it is reasonable to suggest that these atypical granitic rocks are the products of local leucogranite melt segregation. Linear mixing models designed to test this hypothesis successfully reproduce the compositions of the surrounding rocks in both plutons by restoring 13% leucogranite to the relatively mafi c rock from the center of the northern Paradise pluton and 18% to that from the central Whitney pluton (Fig. DR5) . These percentages agree closely with the leucogranite abundances measured in the fi eld (15% and 17%, respectively), lending additional support to the melt segregation hypothesis.
Large outcrops of leucogranite associated with the Mount Whitney Intrusive Suite occur as subhorizontal sheets and lens-shaped masses that are hundreds of meters long and are restricted to the upper central parts of the Paradise and Whitney plutons. These sheets do not appear to extend beyond the margins of the plutons, and are therefore unlikely to be products of fracturing related to Late Cretaceous regional transpression (Tikoff and de San Blanquat, 1997) . Rather, the segregation of fractionated melts to form sheets high in the central parts of the plutons-near the inferred reservoir roofs-suggests that they may be the products of solidifi cation front instability. This process, which has been documented in basaltic sills (Marsh, 1995 (Marsh, , 2002 , occurs where the cool, crystal-rich part of a reservoir's upper solidifi cation front breaks away from its roof and sinks into the less dense, crystal-poor magma below. As it does so, interstitial melt from the detached part of the front is drawn into the subhorizontal fracture that develops above it to form a sheet-like segregation.
To test whether the dimensions of the leucogranite sheets in the central Whitney and Paradise plutons are consistent with their formation above solidifi cation fronts represented by the intervening granitic septa, these fronts have been modeled in two dimensions as uniformly loaded elastic sheets fi xed at both ends. Because the measured septa are typically 30-40 m high, the model predicts that defl ections comparable to actual leucogranite sheet thicknesses (0.1-10 m) require the detached parts of the solidifi cation fronts to be 700-2000 m long (Fig. 15) . These calculated lengths, which are bracketed by those of observed segregations (≥100 m) and those inferred from the widths of the abnormally mafi c (melt depleted) parts of the plutons (4-6 km), support the hypothesis that the sheets are the products of solidifi cation front instability.
The calculations presented here assume that the fl exural rigidities of granitic solidifi cation fronts are equal to those of solid granites. Because the fl exural rigidity of partially molten granite will be lower, however, the calculated lengths are maxima. One way to improve the accuracy of these calculations would be to estimate the actual fl exural rigidity of partially molten granite using measurements of the lengths and defl ections of well-exposed Table DR3 (see footnote 1) (B) Observed leucogranite compared to that calculated by the fractionation model in Table DR4 .
solidifi cation fronts. Unfortunately, the incision of deep glacial canyons in the central parts of the Whitney and Paradise plutons precludes correlating individual leucogranite sheets and measuring their lengths and maximum thicknesses. A small solidifi cation front developed in a 1.1-m-thick leucogranite sheet exposed near the center of the Whitney pluton (Fig. 16 ) provides an alternate opportunity for study, but because the intact part of this front is attached to a larger section that broke away from the roof of the sheet on the left side of the outcrop, its defl ection cannot be used to accurately estimate the leucogranite's fl exural rigidity. Despite these diffi culties, this example points out the potential of using fi eld measurements to determine the properties of granitic solidifi cation fronts where suitable outcrops are available. An important implication of leucogranite melt segregation by solidifi cation front instability is that magma reservoirs that were at least tall enough to accommodate the cumulative thicknesses of the leucogranite sheets must have existed near the tops of the northern Paradise and central Whitney plutons. The presence of a body of uniform granite at least 1 km thick at the top of the Whitney pluton supports the presence of a rhyolitic reservoir that could have easily accommodated the observed segregations. Although no comparable granitic region has been recognized in the northern Paradise pluton, the broad reversal to more mafi c compositions across the central 4-5 km of this body (Fig. 8) suggests that the degree of melt segregation (and thus reservoir height) increased inward from its cooler margins toward its warmer interior. Even though the northern Paradise pluton did not differentiate on the scale of the central Whitney pluton, a reservoir large enough to accommodate 15% leucogranite segregation apparently did develop, at least transiently.
CONCLUSIONS
Taken together, the observations and model results presented here support four major conclusions about the emplacement and diversifi cation of the magmas that formed the Mount Whitney Intrusive Suite and, by extension, similar zoned plutons and intrusive suites in other magmatic arcs.
First, fi eld relations support the interpretation that the suite is a tabular intrusion that was emplaced at an extensional stepover in an interarc shear zone. The successively smaller offsets of two of the suite's members across the proto-Kern Canyon fault and the occurrence of northeast-trending fractures and dikes in and adjacent to the Whitney pluton support proposals by earlier workers that an extensional stepover underlies the central part of the suite. In addition, because its length is much greater than both the coeval offset on the proto-Kern Canyon fault and the estimated thicknesses of upper crustal plutons in the Sierra Nevada batholith, the upper part of the suite is likely to have a tabular shape formed as magmas fl owed laterally from dikes within the stepover. Second, systematic compositional and textural differences among the members of the Mount Whitney Intrusive Suite refl ect both increasing crustal contributions and gradual warming of the upper crust during its growth. In particular, warming slowed the cooling of successive inputs, enabling magmas that formed the younger members to accumulate, differentiate by crystal fractionation, and grow alkalifeldspar megacrysts by textural coarsening. This scenario accords with a conductive cooling model that indicates that magmas in the outer part of the suite cooled to their RPTs too quickly (<10 k.y.) to have mixed or differentiated on a large scale, whereas those in the inner part cooled more slowly and so were able to mix and differentiate more extensively. The suite's transition from a composite outer member to a vertically differentiated inner one indicates that crystal fractionation can play a major role in the development of pluton-scale zoning in large, long-lived intrusions.
Third, differentiation of the central Whitney pluton produced a 1-2-km-thick layer of granite atop a compositionally graded granodioritic reservoir when rhyolitic melt, produced by 10% fractionation of an assemblage dominated by Pl + Hbl + Mag, segregated from the granodioritic magma and accumulated below the top of the pluton. The body's layered geometry is similar to that inferred for the large subvolcanic magmatic reservoirs based on zonation of ash-fl ow tuffs with rhyolite-dacite compositional gaps, and supports the genetic links that have been proposed between large felsic volcanic and plutonic systems.
Fourth, the compositions of granitic rocks high in the central parts of the Whitney and Paradise plutons have been modifi ed by leucogranite melt segregation as a result of solidification front instability. In the Whitney pluton, for example, leucogranite melts formed by ~50% crystallization of the surrounding granitic magma segregated into subhorizontal fractures that opened behind the detached parts of solidifi cation fronts near the roof of the pluton. This process of solidifi cation front instability, which has previously been documented in mafi c sills, may play an important role in producing leucogranite segregations in many felsic plutons.
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